Background: Organ transplantation is considered the ultimate therapy for end-stage organ disease. While pharmacologic immunosuppression is the mainstay of therapeutic strategies to prolong the survival of the graft, long-term use of immunosuppressive medications carries the risk of organ toxicity, malignancies, serious opportunistic infections, and diabetes. Therapies that promote recipient tolerance in solid organ transplantation are able to improve patient outcomes by eliminating the need for long-term immunosuppression.
(Tregs) are fundamentally involved in promoting allograft tolerance. Efforts to characterize specific markers for Tregs, while challenging, have identified Foxp3 gene expression as a crucial step in promoting the tolerance-inducing features of Tregs. A number of approaches, including those based on targeting the glycogen synthase kinase 3β signaling pathway or activating the melanocortinergic pathway, have been tested as a way to promote Treg lineage commitment and maintenance as well as to facilitate immune tolerance. In order to be effective in clinical practice, Tregs must be allospecific and possess a specific phenotype to avoid suppression of other aspects of the immune system or increasing the risk of malignancy or infections. Multiple experimental and clinical studies have demonstrated the impact of currently used immunosuppressants on the immunoregulatory activities of Tregs and their Foxp3 expression status. Pharmacological induction of tolerogenic Tregs for inducing transplant tolerance, including epigenetic therapies, is in the ascendant. Key Messages: Therapies that promote Treg function and survival may represent a novel strategy for achieving immune tolerance in transplant patients.
Background
Organ transplantation is the definitive therapy for patients with end-stage organ failure. The major challenge for clinical transplant practice is to deal with the balance between control of the allogeneic immune response and major adverse effects of the immunosuppressive drugs, mainly including life-threatening infection, organ toxicity, diabetes, hypertension, and malignancies [1] . Avoidance of long-term immunosuppression by achieving immunologic tolerance would be the ultimate solution to improve long-term patient and allograft organ survival and provide transplant patients with a better quality of life [2] . The ultimate goal would be to identify an induction protocol to achieve allospecific tolerance as a standard of care for appropriate transplant recipients [3] . Unfortunately, owing to the complex immunopathogenesis, a true immunologic tolerance to avert alloresponse has been difficult to achieve. In particular, once the alloresponse is established, it is extremely difficult to control it because of its strong and self-amplifying effector mechanisms [3] .
Transplant tolerance has been defined as maintenance of stable allograft function in the absence of immunosuppressive therapy [2] . An increasing number of "operationally tolerant" patients have been described in literature, demonstrating that this state feasibly exists in humans [4] . The role of regulatory T cells (Treg) in the generation and maintenance of immune tolerance is an attractive yet elusive one [5] . In the early 1970s, a seminal study by Gershon and Kondo [6] unveiled the existence of a population of suppressor T cells. After almost three decades, Sakaguchi et al. [7] demonstrated the existence of a subset of T cells (CD4 + CD25 + ) that appeared to be naturally committed to exert immunoregulation. Several key immunologic findings led to the major effort to induce tolerance by ablation of the mature immune system to allow the establishment of chimerism by transfer of donor bone marrow or lymphoid cells [8] . In adults, ablation of the immune system has been achieved by wholebody irradiation, total lymphoid irradiation, myeloablation by cytotoxic agents, selective T-cell depletion by monoclonal antibodies, or antilymphocyte globulin, which all has led to successful transplant outcomes.
T Cells and Immunology
In the early 1980s, T cells were broadly divided into T-helper cells, which were later better characterized as expressing CD4, and CD8-expressing cytotoxic T cells, which were also thought to include a subpopulation of suppressor T cells [9] . Nearly all studies on suppressor T cells identified suppressor T cells to be CD8 positive. In contrast, T cells positive for CD4 alone could mediate tolerance and actively suppress immune response in an antigen-specific manner [10] .
Animals with transplant tolerance can accept graft organs from donors of the same strain in the absence of any immunosuppression or immune manipulation. At the same time, those tolerant hosts reject grafts from a second donor [11] , suggesting that transplant tolerance is likely donor specific. In support of this, specific CD4 + T cells from a tolerant host can only suppress the immune response against antigens from its particular donor, but not immune rejection against a second donor [11] . The first evidence that animals with specific immunologic unresponsiveness have an active regulation of suppressor Tcell response was demonstrated by transfer from tolerant hosts of lymph node and spleen cells, which could not restore rejection of donor grafts but still mount an immune response to third-party allografts [11] . A study by Hall [12] to decipher the role of suppressor T cells in maintaining transplant tolerance found that animals given a large number of tolerant peripheral lymphocytes did not reject their grafts; when their grafts had survived more than 75 days, challenge with a large number of naïve T cells did not alter rejection, suggesting that there was an active process suppressing rejection. T cells that can transfer tolerance are short-lived, and if the allograft is removed, the tolerance-transferring capacity will be lost, implying that suppressor T cells are dependent on T-cellderived cytokines to survive [13] .
Development and Subsets of Tregs
Tregs are defined as those anergic and hyporesponsive to stimulation of T-cell receptor (TCR) with suppressive action on the proliferation and activation of helper CD4 + T cells and cytotoxic CD8 + T cells via cell-to-cell contact. Tregs with their Foxp3-expressing marker are strongly suppressive of proliferation of effector T cells and memory T cells, thus controlling excess immune response to foreign antigens, and maintain self-tolerance.
Several studies have examined the characteristic biomarkers of active Tregs in transferring tolerance. Best described is the marker CD25, which is an IL-2 receptor alpha chain that makes those CD4 + T cells responsive to IL-2, a cytokine crucial for inducing T-cell immune response. Another important study found that class II ma- jor histocompatibility complex (MHC) expression is required to transfer tolerance. The expression of CD25 and that of MHC class II are two of the most common markers of Tregs [14, 15] . Accumulating clinical evidence strongly suggests that a favorable allograft outcome in humans is frequently associated with a robust population of CD4 + CD25 + Tregs.
Two major subsets of Tregs have been defined based on their developmental origin: (1) thymus-derived natural Tregs (nTregs), characterized by constitutive Foxp3 expression, and (2) peripheral induced Tregs (iTregs), where Foxp3 expression seems unstable [14] . Although both T-cell subsets possess regulatory properties, they differ in their developmental pathways, TCR repertoires, and activation requirements. nTregs develop within the thymic medulla, around Hassall's corpuscles, under the effect of both IL-2 and transforming growth factor (TGF)-β ( Fig. 1) . The other crucial step for Treg development is the engagement of TCRs with MHCII molecules loaded with self-peptides. After exiting the thymus, nTregs form 5-10% of the total peripheral T cells. Their presence in the periphery as a stable population of T cells contributes to the maintenance of peripheral tolerance and prevents the development of autoimmunity [16] . In contrast, iTregs develop in the periphery under the influence of different cytokines as an adaptive immune response. A milieu rich in IL-2 and TGF-β appears to polarize the naïve T cells towards iTregs [14, 16] . This makes iTregs display more flexible biomarker features with the capacity to transform into different T-cell subtypes depending on the prevailing cytokine milieu [17] . Clinical trials have shown that iTregs generated in vitro are comparable to nTregs in immunoregulatory activity. However, withdrawal of the TGF-β from iTreg cultures will result in rapid loss of Foxp3 expression, along with a reversion to a cell phenotype akin to conventional CD4 + T cells [18] . In stark contrast, Foxp3 expression by nTregs is independent of TGF-β, as evidenced by the normal amount and function of nTregs in TGF-β-deficient mice [19] .
To add complexity to Treg heterogeneity, there is evidence suggesting that even Foxp3 + Tregs are not functionally homogeneous. Kuczma et al. [20] showed that human CD4 + Foxp3 + Tregs are actually composed of [20] .
Markers of Authenticity of Tregs
The phenotypic plasticity displayed by iTregs, when compared to nTregs, may be due to a relatively unstable expression of Foxp3 in the former population, which in turn could be partially attributable to epigenetic differences in the Foxp3 gene between these two Treg subsets [21] . The Foxp3 gene is demethylated in the so-called Treg-specific demethylation region (TSDR) in nTregs, but is methylated in iTregs [22] . Demethylation in the TSDR on the Foxp3 gene has bene proposed to be a hallmark characteristic of authentic Tregs, differentiating them from recently activated CD4 + T cells [23] , which can also express Foxp3 transiently upon activation [22, 23] . However, unlike in nTregs, the TSDR gene is methylated in recently activated T cells. Therefore, researchers have proposed that an analysis of the methylation status in the Foxp3 gene TSDR can differentiate genuine Tregs from recently activated conventional T cells. This epigenetic modification of Tregs includes histone modification, chromatin interaction, and DNA methylation, and thus plays an important role in Treg differentiation [24] . Thus, demethylation in the Foxp3 gene region is important not only for the expression of Foxp3 but also to ensure the suppressive function of those particular Tregs [24, 25] . Researchers have concluded that a more precise, reliable delineation of the real phenotype of Tregs based on methylation status is likely to better reflect the true clinical significance and potential diagnostic and clinical implications of Tregs.
Although expression of Foxp3, a transcriptional repressor, appears to be the most reliable signature of both nTregs and iTregs [25] , Foxp3 is not expressed on the cell membranes, which precludes its use as a selection marker for isolation. Nevertheless, detection of Foxp3 expression or transcription has been employed by many investigators as a surrogate marker for the presence or involvement of Tregs in immunoregulation [26] .
Researchers have confirmed the importance of TGF-β 1 in vitro for the expansion of Foxp3-expressing Tregs.
They also have shown in vitro that TGF-β 1 can protect T cells from apoptosis and convert naïve CD4 + CD25 -T cells into Foxp3-expressing Tregs [27] . More than 40% of the differentially expressed genes in blood cells from tolerant patients are dependent on the TGF-β 1 signaling pathway. TGF-β 1 in conjunction with TCR stimulation can progressively induce complete demethylation of the Foxp3 gene in Tregs in vivo.
Epigenetic Immunotherapy
Epigenetic therapy has been defined as regulation of gene expression via modification of either chromosomal DNA or proteins interacting with DNA without inducing changes in the DNA sequence of the genome. This type of therapy mostly consists of DNA methyltransferase (DNMT) inhibition or histone deacetylase (HDAC) inhibition. Lal and Bromberg [21] demonstrated the ability of both DNMT inhibitors and HDAC inhibitors to generate stable Foxp3 + Tregs and to mediate immunosuppression. DNMT inhibitors mostly consist of nucleoside analogs and a few nonnucleoside DNMT inhibitors. It has been shown that decitabine or 5-aza-2′-deoxycytidine, a nucleoside analog used in the treatment of myelodysplastic syndrome, was able to regulate Foxp3 demethylation in naïve CD4 + CD25 -T cells and to generate functional, stable, and specific Tregs [28] . To date, the only approved DNMT inhibitors for therapy belong to the nucleosidebased family of drugs, which, however, may lead to toxic side effects and display poor specificity as well as high chemical instability. Only a few nonnucleoside DNMT inhibitors have been identified so far, and even fewer have been validated in diseases like cancer. As to HDAC inhibition, pan-HDAC inhibitors, including trichostatin A, suberoylanilide hydroxamic acid, and other similar hydroxamate compounds, are able to induce stable Foxp3 expression and boost Treg function even at nanomolar concentrations in both experimental models and human T cells [29] .
Cell Signaling Pathways That Control Treg Lineage Commitment and Maintenance
In addition to epigenetic regulation, a number of cell signaling pathways have been implicated in controlling Treg polarization and dictating immune tolerance versus immunity. These include the Wnt pathway, JAK/STAT signaling, CD28 signaling, and toll-like receptor signaling Kidney Dis 2018;4:205-213 DOI: 10.1159/000490703 [30] . As a multitasking cell signaling kinase situated at the nexus of diverse pathways involved in the control of Treg lineage commitment and maintenance, glycogen synthase kinase (GSK) 3β has recently attracted attention [31] as a protein kinase that mediates immune intolerance [31] . As a matter of fact, both NFκB, the transcription factor responsible for inflammation and immune response, and CREB, a key transcription factor transmitting anti-inflammation and immune tolerance, are substrates for GSK3β [32] . GSK3β catalyzes the phosphorylation of NFκB and CREB and regulates the counterbalance of NFκB-mediated immunity and CREB-mediated immune tolerance [31] . Inhibition of GSK3β was able to prolong Foxp3 expression in Tregs [33] . Systemic administration of GSK3β inhibitor resulted in prolonged islet survival in an allotransplant mouse model, suggesting that GSK3β could be a promising therapeutic target to increase the stability and function of Tregs for inducing allotransplant tolerance [33] . Inhibition of GSK3β could be achieved by a number of cytokines, growth factors, and humoral factors in humans [34] , including some neuropeptides like melanocortins and adrenocorticotropic hormone [35] [36] [37] [38] . In support of this, treatment of primed T cells with the melanocortin peptide α-melanocyte-stimulating hormone (α-MSH) could induce tolerance/anergy in primed CD4 + T-helper cells and mediate induction of CD25 + CD4 + Tregs through an MC5R-dependent mechanism, thus resulting in tolerance to experimental autoimmune injuries [39] [40] [41] . Moreover, α-MSH treatment is able to augment Foxp3 messaging in effector T cells and converts them into Tregs, which suppress immunity by targeting specific antigens and tissues [39] . Collectively, novel regimens based on targeting the GSK3β signaling pathway or activating the melanocortinergic pathway may represent promising therapeutic strategies for boosting Tregs and attaining immune tolerance.
Effects of Immunosuppressive Drugs on Foxp3 + Tregs
Immunosuppressive drugs that are used to prevent or treat rejection in kidney transplant patients have different effects on Tregs. Most immunosuppressive agents target intracellular signals that are involved in T-cell activation following antigen stimulation. Recent clinical studies have shown that different immunosuppressive agents have different effects on the quantity and functionality of Tregs ( Table 1) . As outlined earlier, specific phenotypes of Tregs, such as CD4, CD25, and Foxp3, are critical to programing the suppressor activity of T cells. Understanding the molecular intracellular signaling mechanisms of diverse immunosuppressants is crucial to decipher the effects of different drugs on the quantity as well as the quality of Tregs. In aggregate, at least three major signaling pathways are implicated in Treg regulation: (1) the calcineurin-NFAT (nuclear factor of activated T cells) pathway; (2) the IL-2 receptor-STAT (signal transducer and activator of transcription) pathway; and (3) the TGF-β-Smad (small mothers against decapentaplegic) pathway. To date, a number of animal and clinical studies have been conducted to assess the functional and phenotypic status of Tregs under the influence of various immunosuppressive drugs in an effort to prevent rejection and induce tolerance if possible.
Effects of Maintenance Immunosuppressive Therapies on Foxp3 + Tregs
Much research effort has been dedicated to comparing mechanistically the effects of mTOR (mechanistic target of rapamycin) inhibitors with those of calcineurin inhibitors (CNIs) on suppressive Tregs. Foxp3 + Tregs can be expanded with rapamycin without losing their suppressive activity [42] . San Segundo et al. [43] performed a clinical cohort study to evaluate renal transplant recipients with stable function under maintenance treatment with CNIs or rapamycin. Twelve months after transplantation, the number of Foxp3 + Tregs was significantly lower in the patients treated with CNIs than in the rapamycin-treated patients, as measured by flow cytometry. However, the expression level of Foxp3 on individual Tregs was not affected [43] . In another study, Baan et al. [44] examined heart transplant recipients and found that rapamycin inhibited IL-2 production, but preserved TGF-β 1 , which is essential to the induction of the regulatory phenotype of CD4 + CD25 -T cells. Unlike CNIs, rapamycin promotes Treg survival and function by suppressing effector T cells. In addition, in vivo studies have demonstrated that treatment with rapamycin exerts favorable effects on Treg induction, as evidenced by ex vivo expansion of CD4 + CD25 +
Foxp3
+ Tregs and prevention of rejection in islet transplantation, possibly again mediated by a TGF-β 1 -dependent mechanism [45] . In a clinical cohort study, Chu and Ji [46] investigated the prevalence of Tregs in renal transplant recipients receiving different types of immunosuppressive drugs. Their results were in line with previous findings and revealed that CNIs significantly decreased the percentage of CD4 + CD25 +
+ Tregs, while the mTOR inhibitor sirolimus did not [46] . They concluded that sirolimus facilitates the induction of Tregs, whereas CNI hampers their development. Surprisingly, graft function after 5 years did not correlate with the level of CD4 + CD25 + T cells, suggesting the involvement of multiple factors in determining the function of the graft [46] . Mycophenolate mofetil (MMF) and mycophenolate sodium are prodrugs of mycophenolic acid, an inhibitor of inosine monophosphate dehydrogenase that blocks de novo synthesis of guanosine nucleotides essential for Tcell proliferation. Zeiser et al. [47] provided the first line of evidence that MMF and rapamycin, rather than CNI, preserve functional Treg expansion and Foxp3 expression in mice. Furthermore, it has been demonstrated that rapamycin and MMF profoundly affect the phenotype and function of the antigen-presenting cells by reducing the uptake of the antigens and by mitigating the expression of costimulatory molecules, favoring the differentiation of tolerant T cells [48] . In contrast, some studies demonstrated that MMF reduces CD25 expression in a dose-dependent manner. Aside from these conflicting findings on the effect of MMF on Tregs, the concomitant use of other immunosuppressants may make it difficult to assess the individual effect of MMF on Tregs in humans [49] .
Corticosteroids are known to exert an inhibitory effect on transcriptional factors (NFκB, Stat3, etc.) that are involved in the production of IL-2 and other cytokines, like TNF-α and INF-γ. In addition, CD4 + CD25 + Foxp3 + T cells express the glucocorticoid-induced tumor necrosis factor receptor, which regulates Treg function to promote peripheral tolerance [50] . In some experimental studies, dexamethasone triggered short-and long-term Foxp3 and IL-10 expression in T-cell cultures while preserving the suppressive ability of Tregs [51] . It has been shown that corticosteroids can improve the suppressive activity of Tregs both in vitro and in vivo, likely dependent on IL-2 inhibition.
Effects of Induction Immunosuppressive Therapies on Foxp3 + Tregs
In the field of allotransplantation, anti-thymocyte globulins (ATGs) are the most commonly used induction therapy in diverse transplant centers [52] . ATGs induce T-lymphocyte depletion through different mechanisms, including complement-dependent cell lysis and T-cell apoptosis predominantly in the circulating compartment. Interestingly, several studies have shown that ATGs also play a role in modulating human Treg expansion and functionality and Foxp3 expression both in vivo and in vitro [53] . ATG treatment caused rapid and sustained Treg expansion in cultured human lymphocytes with high expression of IL-2 receptor antagonists are a second, widely used induction immunosuppressive therapy, comprising the chimeric antibody basiliximab and the humanized antibody daclizumab. These monoclonal antibodies directly interfere with IL-2 receptor signaling by blocking IL-2 binding to its receptor and the subsequent phosphorylation of the receptor's alpha and beta chains [33] . The effect of IL-2R antagonists on Tregs is controversial. Some studies have shown an inhibitory effect on the induction of Foxp3 mRNA by daclizumab in allostimulated peripheral blood mononuclear cells [44] . Along the same lines, Wang et al. [54] demonstrated a downregulation in the number of CD25 + T cells after short-term basiliximab treatment, though the immunosuppressive activity of Tregs was likely unaffected. The decreased number of CD25 + T cells, however, may be a technical artifact, because basiliximab has been shown to interfere with anti-CD25 monoclonal antibodies used for flow cytometry detection. In agreement, others have demonstrated that donor-reactive Tregs are minimally affected in transplant patients after basiliximab or daclizumab induction [55] , and CD25 does not appear to be essential for maintaining human peripheral Tregs in vivo [56] . Alemtuzumab is another biologic drug used for induction immunosuppression. It is a humanized antibody targeting CD52 that is expressed by T and B lymphocytes. Recent experimental evidence suggests that alemtuzumab is likely able to increase the proportion of Tregs in vitro [57] .
Conclusion and Perspectives
Therapies that promote Treg function and survival are likely able to improve kidney transplantation outcomes by eliminating the need for immunosuppressants and their adverse effects. In addition to their promise in inducing graft tolerance and minimizing the use of immunosuppressants in transplant patients, Tregs have been used experimentally to explore treatment of other autoimmune disease conditions, such as colitis, lupus, diabetes mellitus, and glomerulonephritis. The first proof-ofconcept clinical trial of polyclonal adaptive Treg transfer to treat graft-versus-host disease turned out to be promising [58] . A major limitation of polyclonal Tregs is the low abundance of the specific clones of interest within the polyclonal repertoire. While antigen-specific Tregs would be superior, their isolation and expansion are still challenging. Recently, Trivedi et al. [59] conducted a clinical trial on a group of live-donor renal transplantation patients using pretransplant stem cell transplantation. The patients achieved successful withdrawal of the immunosuppressants with low-dose daily steroid monotherapy. They concluded that generation of peripheral Tregs was necessary to maintain tolerance and that the survival and presence of Tregs is important to protect the graft from chronic rejection.
Future research on Treg cellular therapy should be focused on optimizing Treg expansion with specific phenotypic features that convey the suppressive functionality and on minimizing contamination by other nonsuppressive Tregs. Pharmacological approaches targeting epigenetic mechanisms as well as other cell signaling pathways, like the GSK3β or melanocortinergic pathways, may represent novel therapeutic strategies for achieving better tolerance by increasing the specific suppressive activity of Tregs in the periphery and in the graft. This would be particularly attractive for the repurposed use of FDA-approved drugs that are able to target these pathways, like lithium carbonate and the melanocortin neuropeptide adrenocorticotropic hormone, which both have demonstrated powerful immunotolerogenic activity that is attributable to their potent modulatory effect on Tregs.
